The cytoplasmic linker connecting domains Il and IV of the voltage-gated Na+ channel is thought to be involved in fast inactivation. This linker is highly conserved among the various Na+ channels that have been cloned. In the rat brain ILA Na+ channel, it consists of 53 amino acids of which 15 are charged. To investigate the role of this linker in inactivation, we mutated all 15 of the charged residues in various combinations. AU but one of these mutants expressed functional channels, and all of these inactivated with kinetics similar to the wild-type channel. We then constructed a series of deletion mutations that span the HI-IV linker to determine if any region of the linker is essential for fast inactivation. Deletion of the first 10 amino acids completely eliminated fast inactivation in the channel, whereas deletion of the last 10 amino acids had no substantial effect on inactivation. These results demonstrate that some residues in the amino end of the HI-Iv linker are critical for fast Na -channel inactivation, but that the highly conserved positively charged and paired negatively charged residues are not essential.
Although the molecular basis of fast Na+-channel inactivation is unknown, Armstrong and Bezanilla (2) proposed that it occurs by a positively charged inactivation particle binding to the cytoplasmic mouth of the channel. The apparent voltage dependence of inactivation would then result from electrostatic interactions between the positively charged inactivation particle and gating charges that move during channel activation. Aldrich and coworkers (3, 4) have since shown that the "ball-and-chain" model can explain fast inactivation in voltage-dependent potassium channels.
The short cytoplasmic segment that links homologous domains III and IV of the Na+ channel (LIII/Iv) is thought to play a critical role in the fast inactivation process. This conclusion is based on the findings that antibodies directed toward this region inhibit fast inactivation (5, 6) , that molecular "cuts" (7) and small insertions (8) in LIII/lv slow inactivation, and that phosphorylation of a single serine residue in LIII/Iv by protein kinase C slows inactivation (9) .
These results are consistent with a model in which part of LIII/Iv functions as an inactivation particle, which is tethered on both sides to the cytoplasmic face of the channel.
LIII/Iv is highly conserved in all three rat brain Na+ channels that have been cloned. This linker contains 12 positively charged residues and 3 negatively charged residues, often in pairs and groups of three. It is possible that some or all of these charged residues form a critical part of an inactivation particle. Moorman et al. (10) have shown that mutating 6 of the 12 positively charged residues to either asparagine or glutamate in the slowly inactivating rat brain type III Na+ channel resulted in channels that inactivated faster than the wild-type channel. These results indicate that these charges are not essential for fast inactivation of rat III Na+ channels, although it is still possible that one or more of the other charged amino acids may be essential for fast inactivation.
In this report we present data indicating that none of the positively charged or paired negatively charged residues are essential for fast Na+-channel inactivation of the rapidly inactivating rat brain type 11A Na+ channel (11, 12) . However, by constructing a series of deletion mutations that span LIII/Iv, we show that this linker is critical for fast inactivation in Na+ channels.
MATERIALS AND METHODS
Construction of Na+ Channel Mutants. Amino acid substitution mutations were constructed as described in the accompanying paper by West et al. (13) . Deletion mutations were constructed by using oligonucleotide-directed loop-out mutagenesis (14) . Single-stranded, uracil-containing DNA was prepared as described by Kunkel (15) from an mpl8 vector containing the 1505-base-pair Bgl II/BstEII fragment from pVA2580 (12) . The mutagenic oligonucleotides consisted of 30 bases, 15 of which were complementary to the bases following the desired deletion and 15 of which were complementary to the bases preceding the desired deletion. Mutagenesis reactions were carried out as described by Kunkel (15) , and mutations were confirmed by sequencing. The inserts containing the mutations were then transferred to the full-length Na+-channel clone (pVA2580) by digestion of double-stranded replicative-form phage DNA with Bgl II and BstEII, gel purification, and ligation into pVA2580.
Expression and Electrophysiological Recording. RNA transcripts were synthesized in vitro from plasmids containing either the wild-type or mutant a subunit coding region (11) and the wild-type pi coding region (16) as described. Stage V oocytes were removed from adult female Xenopus laevis frogs, defolliculated with collagenase, and injected with 0.35-18 ng of a subunit RNA and 2.7 ng of 3i subunit RNA (11) . After a 2-or 3-day incubation at 20'C, the Na+ currents were recorded by using a two-microelectrode voltage clamp as described (8, 17) . The bath recording solution consisted of ND96 (96 mM NaCl/2 mM KCl/1.8 mM CaCl2/1 mM MgCl2/5 mM Hepes, pH 7.5), and all voltage clamping was carried out at room temperature. In all experiments the resistive and capacitive currents were eliminated by subtraction of currents elicited by identical pulse protocols in the presence of 400 nM tetrodotoxin. Single-channel recording was performed by using excised outside-out patches with an electrode solution consisting of 10 mM NaCl, 90 mM KCl, 10 mM EGTA, and 5 mM Hepes (adjusted to pH 7.4 with KOH), Abbreviation: LiI/Iv, linker between homologous domains III and IV.
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Proc. Nadl. Acad. Sci. USA 89 (1992) and the bath solution consisted of either ND96 or normal frog Ringer's solution (115 mM NaCI/2.5 mM KCl/1.8 mM CaCl2/10 mM Hepes, pH 7.2).
Data Analysis. Data were analyzed using the PCLAMP programs. To generate peak conductance curves, the normalized current-voltage relationships were fit with an equation including both activation and driving force to extrapolate the reversal potential (Vrcv) for each oocyte. Peak currents (I) were then converted into peak conductances (G) using the formula G = I/(V -Vrv). The which is not shown in the diagram. We examined the effects ofthe AQ, BQ, and CQ mutations on Na+-channel inactivation by coexpression of the mutant a subunits with the PI1 subunit (16) in Xenopus oocytes followed by two-microelectrode voltage clamp analysis. All of the charge neutralization mutants (AQ, BQ, and CQ) inactivated with kinetics similar to the wild-type channel (Figs. 1B and 2). The only significant difference was a slight increase in the amount of maintained current at the end of the pulse for mutant BQ. These results indicate that the charged residues (with the possible exception of the aspartate at position 1487) are not essential for fast inactivation of the Na+ channel.
Although the charge neutralization mutations did not substantially affect the kinetics of fast inactivation, it was possible that they might alter the voltage-dependent properties of the channel. We therefore determined both the voltage dependence of peak conductance (Fig. 3A) and the voltage dependence of fast inactivation with a two-pulse protocol (Fig. 3B) . Mutants AQ and CQ, which neutralize three or two positive charges, were both quite similar to wild type in the voltage dependence of peak conductance, but mutant BQ, which neutralizes five net charges, displayed a shift of about +9 mV ( Fig. 3A and Table 1 ). In contrast, the voltage dependence of inactivation of mutant BQ was quite similar to wild type while mutants AQ and CQ displayed shifts of about +6 mV and -7 mV, respectively ( Fig. 3B and Table 1 ).
To test whether the effects of the AQ mutation were the result of changing the charged character of the residues, we constructed two additional mutations in which the lysine residues were replaced with arginine residues (mutant AR) or with glutamate residues (mutant AE; Fig. 1A ). Mutant AR did not differ significantly from the wild-type channel in either the kinetics of inactivation (Fig. 1B) vation, we tested whether any specific regions of the linker were essential for fast inactivation by constructing a series of consecutive deletions of 10 amino acids each (Fig. 1A) . Ofthe five deletions that span LIII/Iv, only deletion mutants 1, 4, and 5 expressed functional channels in oocytes. Deletion mutants 1 and 4 had dramatic effects on the macroscopic kinetics of inactivation (Fig. 4) . Fast inactivation appears to be completely eliminated in deletion mutant 1, although a much slower inactivation process is still present. The declining phase of the current trace for deletion mutant 1 depolarized to -10 mV for 5 sec was well fit by a single exponential equation with a time constant of 4.6 0.5 sec (n = 3). The kinetics of inactivation for deletion mutant 4 were also markedly slower than for the wild-type channel. The declining phase of the current trace for deletion mutant 4 depolarized to -10 mV for 1 sec was best fit by an equation with two exponential terms, with time constants of 61 ± 5 msec and 570 ± 140 msec (n = 6). The shorter time of depolarization used for deletion mutant 4 may explain why we did not observe the 4.6-sec time constant with this mutant. In contrast, deletion 5 had only subtle effects on the macroscopic kinetics of inactivation, with a small increase in the amount of maintained current at the end of a 50-msec pulse (Figs. We also examined the effects of the three deletion mutations on the voltage dependence of peak conductance of the channel. Deletion mutant 1 displayed a -14 mV shift in the voltage dependence of peak conductance, deletion mutant 4 was similar to wild type, and deletion mutant 5 displayed a +9 mV shift (Table 1) . Because deletions 1 and 4 had such dramatic effects on the kinetics of inactivation, we were unable to determine the voltage dependence of fast inactivation for these two mutants. Deletion mutant 5 appeared very similar to wild type with respect to the voltage dependence of inactivation (Table 1) . Since deletion 1 appeared to completely eliminate fast inactivation in the Na+ channel, we examined the singlechannel properties of this mutant. Fig. 5 shows representative current traces for the wild-type channel and deletion mutant 1 depolarized to -30 mV. In both cases there was only a single channel in the patch. The traces for the wild-type channel were obtained in the absence ofthe 81 subunit, so the channel bursts for short periods of time before inactivating (18) . The results are quite different for deletion mutant 1, however. The mutant channel continues to open and close throughout the recording interval, which is four times longer than that for the wild-type channel. The mean open time is distinctly voltage dependent (Inset). The channel can eventually enter an inactivated state, as shown in the final trace. The single-channel conductance for deletion mutant 1 is not significantly different from that of the wild-type channel when determined under comparable ionic conditions. The current amplitudes appear larger because the deletion mutant 1 records were obtained by using an extracellular solution containing more Na+ than that used for the wild-type channel. There appear to be two distinct classes of openings, those with rapid flickering between open and closed states, and those with well-defined openings. These results indicate that deletion of the first 10 amino acids of LiIj/Iv does appear to eliminate the fast inactivation process in the Na+ channel.
DISCUSSION
In this paper we have shown that the positively charged residues and a conserved pair of negatively charged residues in LIII/Iv are not essential for fast inactivation of the Na+ channel. Mutants AQ, BQ, and CQ together neutralize all but one of the charged residues in LiiI/Iv (Fig. 1A) . All of these inactivated with kinetics similar to the wild-type channel. The only charged residue that we have not successfully studied is the aspartate at position 1487. While we have constructed mutants in which this residue is replaced with a glutamine, these mutants have not been functional when expressed in Xenopus oocytes. With this exception, we can conclude that none of the charged residues in LiII/Iv are essential for fast inactivation in the Na+ channel. Single-channel currents from oocytes expressing either deletion mutant 1 or wild-type Na+ channels. The data shown are from outside-out patches held at -100 mV and depolarized to -30 mV between the arrows. The recordings from the wild-type channel were obtained using ND96 (96 mM external Na+), whereas the recordings from deletion mutant 1 were obtained by using normal frog Ringer's solution (115 mM external Na+). Each patch contained only a single channel. (Inset) Data from the same patch containing deletion mutant 1 channels depolarized to -60 mV, -50 mV, -40 mV, and -30 mV are shown.
These results differ somewhat from those of Moorman et al. (10) , who previously examined the effects of mutating 6 of the 12 positively charged residues in the rat brain type III Na+ channel to either asparagine or glutamate. They observed faster decay of Na+ currents with their mutants at all test potentials compared to the wild-type rat III channel. We observed similar results with the BQ and CQ mutants in the absence of 13i, but we saw no substantial differences in the kinetics of current decay between any of our charge neutralization mutants and the wild-type rat IIA channel in the presence of .81. Two major differences between their studies and ours may explain this discrepancy. First, the wild-type rat III channel inactivates -10-fold more slowly than the wild-type rat IIA channel. This slower rate of inactivation may have enabled them to observe the results of small increases in the rate of inactivation at all test potentials. Second, Na+ channels expressed in oocytes from only the a subunit inactivate unusually slowly (11, 17) . This slow inactivation is the result of channels gating in a slow mode, in which they continue to burst at the single-channel level (18) (19) (20) . We have previously shown that coexpression of the ,81 subunit speeds inactivation (16) , presumably by shifting the channels to gating predominantly in the fast mode (19) . It is possible that the effects on inactivation observed by Moorman et al. (10) were the result of alterations in the percentage of time the channels gated in either the fast or slow mode, as previously suggested by Zhou et al. (19) .
Although the charged residues are not critical for fast In addition to the effects on the kinetics offast inactivation, deletion 1 also resulted in a -14 mV shift in the voltage dependence of peak conductance. This shift may be a consequence of completely abolishing fast inactivation. Studies employing whole-cell patch clamp recordings on mammalian cells have indicated that the conductance-voltage relationship is shifted in the hyperpolarizing direction when these cells are dialyzed with proteases or other agents that abolish fast inactivation (24, 25) . However, other factors may be involved in the voltage shift observed with deletion 1. Deletion 4 greatly slowed inactivation but had no significant effect on the voltage dependence ofpeak conductance, and deletion 5 had no significant effect on the kinetics of inactivation but shifted the voltage dependence of peak conductance by +9 mV. It is therefore likely that the effects on voltage dependence were not entirely the result of removing fast inactivation. The shift with deletion 1 was in the opposite direction from that seen with the AE mutant, which reversed the charges in the region ofdeletion 1. It is not possible to directly compare a deletion with a substitution mutation, though, because the remaining charges in LIII/Iv must be repositioned due to the removal of 10 amino acids by deletion 1.
Deletion mutant 1 did not demonstrate any fast inactivation, yet it still inactivated with a time constant of about 4.6 sec. We suspect that this residual inactivation is the result of a slow inactivation process that has previously been shown to occur in Na+ channels (26, 27) . At the single-channel level, the lack of fast inactivation was observed as continued transitions between open and closed states, with two classes of openings (Fig. 5) . The mean open time is quite strongly voltage dependent, suggesting that this transition is a voltagedependent process.
The results with the deletion mutants are consistent with the idea that LIII/Iv is the inactivation gate of the channel, in that deletion of a critical region of the gate should eliminate fast inactivation. However, our data do not distinguish between possible mechanisms by which Na+ channels enter the fast inactivated state. One possibility is that the slowing of inactivation by deletions 1 and 4 was due to disruption of an inactivating particle, similar to the results with deletions of the amino terminus of the Shaker potassium channel (3). A variation of this possibility is that the deletions disrupt a peptide segment connecting the inactivating particle to the rest of the channel. Alternatively, LI1/1v may interact with the inactivation gate to mediate fast inactivation, and the deletions disrupt this interaction. If LIII/Iv does function as an inactivation gating particle, however, it is clear that the positively charged residues in this region do not play a critical role in the interaction between the particle and its receptor, as originally proposed (2). In the following paper (13), we present evidence that mutations of specific nonpolar amino acids in LIII/Iv eliminate fast inactivation in the Na+ channel, pointing to a critical role for hydrophobic interactions in inactivation gating.
